GABA and glutamate, the main transmitters in the basal ganglia, exert their effects through ionotropic and metabotropic receptors. The dynamic activation of these receptors in response to released neurotransmitter depends, among other factors, on their precise localization in relation to corresponding synapses. The use of high resolution quantitative electron microscope immunocytochemical techniques has provided in-depth description of the subcellular and subsynaptic localization of these receptors in the CNS. In this article, we review recent findings on the ultrastructural localization of GABA and glutamate receptors and transporters in the basal ganglia, at synaptic, extrasynaptic and presynaptic sites. The anatomical evidence supports numerous potential locations for receptor-neurotransmitter interactions, and raises important questions regarding mechanisms of activation and function of synaptic versus extrasynaptic receptors in the basal ganglia.
INTRODUCTION
The basal ganglia are a group of subcortical structures involved in the integration and processing of sensorimotor, cognitive and limbic information. Dysfunction of these nuclei results in a wide variety of motor neurological disorders, including Parkinson's disease, Huntington's disease, dystonia, hemiballism and Tourette's syndrome. In primates, the basal ganglia include the dorsal striatum (caudate nucleus and putamen), the external and internal segments of the globus pallidus (GPe and GPi, respectively), the substantia nigra pars reticulata (SNr), the substantia nigra pars compacta (SNc) and the subthalamic nucleus (STN). In addition, the limbic or ventral division of the basal ganglia includes the ventral striatum or nucleus accumbens, ventral pallidum and ventral tegmental area.
Basal ganglia connectivity
The striatum (Fig. 1A) receives glutamatergic projections from virtually all areas of the cerebral cortex and several thalamic nuclei. Dopaminergic inputs from SNc interact with glutamatergic afferents to regulate striatal activity. In addition, striatal projection cells, the medium-sized spiny neurons, receive GABAergic inputs from interneurons, local axon collaterals of other projection neurons, and GPe; as well as input from cholinergic interneurons (Bolam and Smith, 1990; Tepper and Bolam, 2004) . The medium-sized spiny neurons project directly to the basal ganglia output nuclei (GPi and SNr), or indirectly via the GPe and STN (DeLong, 1990; Smith et al., 1998) . Although all striatal spiny neurons use GABA as their transmitter, those cells that give rise to the direct pathway express preferentially the neuropeptides substance P and dynorphin, and D1 dopamine receptors; whereas striatal cells projecting to GPe express primarily enkephalin and D2 dopamine receptors (Gerfen and Wilson, 1996) .
GPe cells (Fig. 1B) receive GABAergic innervation from striatal afferents and local axon collaterals, as well as glutamatergic inputs from the STN and the thalamus. Subthalamic cells (Fig. 1C) are, in turn, contacted by GABAergic GPe afferents, and receive glutamatergic inputs from the cerebral cortex, thalamus and brainstem pedunculopontine nucleus. GPi and SNr neurons (Fig. 1D ) receive their main glutamatergic afferents from the STN, and massive GABAergic inputs from striatum and GPe. GPi and SNr are considered the output nuclei of the basal ganglia, because their GABAergic projections target motor and intralaminar nuclei of the thalamus, the habenula, the superior colliculus, the pedunculopontine nucleus and the reticular formation (Gerfen and Wilson, 1996) .
Dopaminergic cells in the SNc (Fig. 1E ) receive a significant glutamatergic input from the pedunculopontine nucleus and more discrete inputs from the cerebral cortex and STN. The striatum, the GPe and ventral pallidum, as well as axon collaterals from SNr, contribute to their GABAergic innervation. SNc cells project back to the striatum, and also provide significant innervation to extrastriatal basal ganglia, cerebral cortex and thalamus. The raphe contributes serotoninergic innervation to all basal ganglia structures. (for more extensive reviews of basal ganglia connectivity, readers are referred to Alexander and Crutcher, 1990; DeLong, 1990; Parent, 1990; Joel and Weiner, 1994; Parent and Hazrati, 1995; Gerfen and Wilson, 1996; Smith et al., 1998; Bolam et al., 2000) .
Synaptic localization of neurotransmitter receptors
The effects of neurotransmitters depend not only on the pharmacology or molecular structure of their targeted receptors, but also on the spatial arrangement of receptors and transporters in relation to the sites of transmitter release. For the past ten years, the use of highly sensitive electron microscopic (EM) immunocytochemical methods has provided exquisite information about the subcellular and subsynaptic localization of receptors in the basal ganglia.
The localization of receptor in relation to the anatomically defined synapse can be termed synaptic, if they are located within the synaptic specialization; perisynaptic, if located at the periphery of the synapse; or extrasynaptic, if attached to nonsynaptic sites along the plasma membrane. Synaptic, perisynaptic and extrasynaptic receptors are exposed to different neurotransmitter transients. Following release, synaptic receptors sense a rapid increase in neurotransmitter concentration. The neurotransmitter diffuses out of the synaptic cleft; its concentration is attenuated as the distance required to reach the most remote extrasynaptic receptors increases, and thus, extrasynaptic receptors will be exposed to different concentrations of transmitter, depending on their distance to the release site (Kullmann, 2000; Barbour, 2001) . The spatial and temporal properties of transmitter diffusion is not only a function of the amount of released transmitter, but also depends on many other factors, including the geometry of the synapse, the tortuosity of the extracellular space (Sykova, 2004) , as well as the activity and spatial arrangement of plasma membrane transporters (Amara and Fontana, 2002; Rusakov and Lehre, 2002; Semyanov et al., 2003; Huang and Bergles, 2004) . Together with the functional properties of the receptors (e. g., affinity for the neurotransmitter, or number of bound transmitter molecules required for activation), the subsynaptic localization contributes to the physiological conditions for receptor activation following neurotransmitter release.
The aim of this review is to summarize recent findings on the subcellular and subsynaptic localization of receptors and transporters of the GABA and glutamate transmitter systems in the basal ganglia; and attempts to relate the ultrastructural localization with functions of these receptors (description of other neurotransmitter systems is beyond the scope of this review, for more information on these transmitter systems see Inglis and Winn, 1995; Nicola et al., 2000; Pickel et al., 2002; Quik and Kulak, 2002; Rosin et al., 2003) . We propose that ionotropic and metabotropic GABA and glutamate receptors are largely segregated to different subsynaptic domains of basal ganglia neurons; so that ionotropic receptors are clustered at synapses close to the main release site of their activating transmitters, whereas metabotropic receptors are mostly peri-or extrasynaptic (Fig. 7) .
The present review focuses on high resolution EM data obtained with immunogold techniques, since this is the only approach currently available that allows reliable localization of membrane proteins at the nanometer level. Additional information on the localization of receptors and transporters gathered through light microscopic immunocytochemical techniques, mRNA in situ hybridization methods and autoradiographic ligand binding techniques will not be discussed here, but recent reviews provide extensive coverage of these findings (Ravenscroft and Brotchie, 2000; Smith et al., 2000; Smith et al., 2001; Conn et al., 2005) .
TECHNICAL CONSIDERATIONS
The interpretation of receptor localization data gathered through EM immunohistochemical analyses is greatly dependent on the sensitivity and spatial resolution of the methods used. In this section, we briefly describe different techniques to study receptor localization at the subcellular and subsynaptic levels (for more details on these techniques the reader is referred to Ingham, 1992; Totterdell and Ingham, 1992; Merighi and Polak, 1993; Ribeiro-Da-Silva et al., 1993) . These techniques rely on the use of highly specific antibodies that bind to the molecules of interest. To localize the antibodies at the ultrastructural level, it is necessary to compromise between technical conditions that preserve the antigenic sites and conditions that preserve the tissue ultrastructure. The bound antibodies are labeled using electron dense markers that allow detection with an electron microscope; the most commonly used markers for EM analysis are peroxidase reaction products and colloidal gold particles.
It is important to emphasize that, in any immunocytochemical technique, the use of adequate controls is critical to reduce erroneous results. The optimal control is to test the antibodies specificity in tissue devoid of the target antigen (i. e., in gene knock-out mice). Additional controls include immunoblotting of brain tissue or transfected cells, pre-adsorption of primary antibodies with their corresponding antigenic peptides, and omission of the primary and/or secondary antibodies (Saper and Sawchenko, 2003; Rhodes and Trimmer, 2006) .
Immunoperoxidase method
The immunoperoxidase method ( Fig. 2 "Immunoperoxidase"), is a highly sensitive technique that permits identification of low level of antigens. The peroxidase reaction results in an insoluble, easy to visualize, electron dense reaction product. However, this method suffers of important disadvantages that limit considerably its use for protein localization at the subsynaptic level. The main drawback is the diffusion of the peroxidase reaction product from the actual site of enzymatic reaction, making it difficult to assess the exact localization of antigenic binding sites. In addition, the amorphous reaction product can obscure ultrastructural details of intracellular organelles and synaptic specializations. Furthermore, since the peroxidase reaction is not linear, this method is not suitable for quantitative analysis. Thus, although the immunoperoxidase method is a good starting tool to identify cellular elements that express a particular receptor or transporter protein, or whether the antigenic site is located on the internal or external face of the plasma membrane, it does not offer the level of spatial resolution necessary to assess the precise subcellular and subsynaptic distribution of these proteins.
Pre-embedding immunogold method
For precise localization of proteins at the subsynaptic level, it is necessary to employ immunolabeling techniques in which the antigenic sites are labeled with non-diffusible markers. In this sense, colloidal gold provides a much higher level of spatial resolution than the amorphous peroxidase reaction product. Gold particles are conspicuous in the tissue, and do not obstruct observation of ultrastructural details. In addition, immunogold particles are easily quantified. Hence, the immunogold technique is the method of choice to study the spatial relationship between synapses and receptors or transporter proteins.
The immunocytochemical labeling with gold particles can be performed before or after the tissue has been fixed, dehydrated and embedded in a hard material (often acrylic resins), and thus the techniques are known as pre-embedding or postembedding immunogold, respectively. In the pre-embedding immunogold technique ( Fig. 2 "Pre-embedding immunogold"), 1-1.4 nm gold particles coupled to secondary antibodies are used as markers, and the particles are intensified with silver after the immunoreaction, to increase their size to a level suitable with EM observation (around 20-30 nm) .
In spite of the improved spatial resolution, the pre-embedding immunogold method is not as sensitive as the immunoperoxidase approach, because it lacks the amplification steps inherent to the immunoperoxidase technique. Furthermore, the penetration of gold-conjugated secondary antibodies into the tissue is more limited in the immunogold method, compared to immunoperoxidase. Another important limitation, most relevant to the present discussion, is that the pre-embedding immunogold method may lead to false negative synaptic labeling for ionotropic GABA and glutamate receptors (e. g. Baude et al., 1993; Nusser et al., 1994; Baude et al., 1995) . This might be due to hindrance for the antibodies to access antigenic sites located in the dense material of the postsynaptic density.
Postembedding immunogold
The postembedding immunogold technique overcomes some of the limitations of preembedding methods. In the postembedding technique ( Fig. 2 , "Postembedding immunogold"), the ultra-thin sections are directly in contact with antibodies, providing an even exposure of the antigenic sites and minimizing problems of penetration. The postembedding immunogold method offers the highest level of spatial resolution to localize synaptic receptors. Other advantages of this approach are the use of 5-20 nm gold particles, which avoids the need for silver-enhancement, and the potential for the use of secondary antibodies conjugated to different sizes of gold particles to assess co-localization of 2 or 3 proteins at individual synaptic sites.
However, many receptor proteins cannot be detected using the postembedding immunogold technique, because their antigenicity is lost following fixation, dehydration and embedding procedures. To help preserve antigenic sites, the tissue can be rapidly frozen and kept at very low temperature during dehydration and embedding in resin ('freeze-substitution'); but the ultrastructural features are less well defined in this material than in osmium-treated, epoxy resin-embedded tissue. The freeze-substitution technique, nevertheless, has been instrumental for the localization of ionotropic GABA and glutamate receptors in various brain regions, including the basal ganglia (e.g. Nusser et al., 1994; Baude et al., 1995; Nusser et al., 1995a; Matsubara et al., 1996; Bernard et al., 1997; Ottersen and Landsend, 1997; Fujiyama et al., 2002; Wu et al., 2005) .
In conclusion, both the pre-and postembedding immunogold methods provide a high spatial resolution for the localization of antigens, at the expense of decreased sensitivity, compared to the immunoperoxidase method. Since all these methods offer complementary information on protein localization, a detailed comprehensive assessment of receptors and transporter distribution at the cellular, subcellular and subsynaptic levels is usually achieved through a combination of techniques. Other promising high-resolution approaches that combine immunogold and freeze-fracture techniques (Torrisi and Mancini, 1996) , have recently been used to study localization of receptor proteins (e. g. Hagiwara et al., 2005; Tanaka et al., 2005; Kulik et al., 2006) .
Immunocytochemical methods do not take into account that receptor and transporter proteins are extremely labile and constantly undergo dynamic regulatory changes in trafficking and pharmacological properties (Triller and Choquet, 2003; Triller and Choquet, 2005) . Immunocytochemistry rather provides a snapshot of the distribution of proteins in the plasma membrane at a given moment. Recent advances in two-photon excitation microscopy have facilitated the study of the dynamics of glutamate receptors at the single synapse level in live cells (reviewed in Svoboda and Yasuda, 2006) .
GLUTAMATERGIC TRANSMISSION
All basal ganglia nuclei receive glutamatergic inputs from external sources (cerebral cortex, thalamus, pedunculopontine nucleus) or from the STN (Fig. 1 ). Glutamate exerts its effects through various subtypes of ionotropic (iGluRs) or metabotropic (mGluRs) receptors.
Ionotropic receptors
Ionotropic glutamate receptors form cation-selective channels, with permeability for Na + and K + , and with differing degrees of permeability to Ca 2+ and Mg 2+. . They are categorized into three classes, named according to their affinity for their selective agonists: α-amino-3hydroxy-5-methyl-4-isoxazole propionate (AMPA), kainic acid or kainate (KA), and Nmethyl-D-aspartate (NMDA). These receptors assemble as homo-or hetero-oligomeric complexes of protein subunits. The AMPA receptor family includes subunits GluR1-GluR4; KA receptors are formed by GluR5-GluR7 and KA1/KA2 subunits; and NMDA receptors are composed of NR1, NR2A-NR2D and NR3A-NR3B subunits (Madden, 2002; Mayer and Armstrong, 2004; Kew and Kemp, 2005) .
AMPA and NMDA receptors-At most CNS synapses, both AMPA and NMDA receptors are activated during synaptic transmission. AMPA receptors mediate fast neurotransmission, while NMDA receptors mediate slower and long-lasting responses (Ozawa et al., 1998) . The subsynaptic localization of various AMPA and NMDA receptor subunits has been studied with preand postembedding immunogold methods in the rat basal ganglia (Bernard et al., 1997; Bernard and Bolam, 1998; Clarke and Bolam, 1998; Chatha et al., 2000; Fujiyama et al., 2004) (Table 1) , but much less is known in primates (Paquet and Smith, 1996) .
There are common salient features that characterize the subsynaptic distribution of NMDA and AMPA receptors in the basal ganglia: (1) The AMPA and NMDA receptor subunits are primarily located at asymmetric (glutamatergic) synapses. (2) AMPA or NMDA receptor subunits are not expressed at GABAergic synapses. (3) A small proportion of AMPA or NMDA receptor subunits is found at extrasynaptic locations. (4) AMPA and NMDA receptors are evenly distributed along the length of glutamatergic synapses. (5) AMPA and NMDA receptor subunits often co-localize at individual glutamatergic synapses.
Synaptic AMPA and NMDA receptors The highest density of AMPA and NMDA receptors is found at glutamatergic synapses; a location that allows for rapid exposure to glutamate released by the presynaptic terminal, and facilitates the role of these receptors in mediating fast glutamatergic transmission. Indeed, fast AMPA and NMDA-mediated excitatory responses have been described extensively in the striatum (e. g. Wilson, 1993; Calabresi et al., 1996; Kita, 1996; Gotz et al., 1997; Carter and Sabatini, 2004; Kerr and Plenz, 2004) , both segments of GP (e.g. Soltis et al., 1994; Gotz et al., 1997; Kita et al., 2004; Kita et al., 2005) , STN (e. g. Mouroux and Feger, 1993; Gotz et al., 1997; Nambu et al., 2000; Wilson et al., 2004; Zhu et al., 2004) and SNc (e.g. Mereu et al., 1991; Christoffersen and Meltzer, 1995) . Further supporting the notion that glutamatergic transmission is mediated by a combination of AMPA and NMDA receptor, both types of receptors subunits co-localize at individual glutamatergic synapses (Fig. 3) . The two types of receptors are intermingled, rather than segregated, and display an even distribution along the synaptic plasma membrane (Bernard et al., 1997; Bernard and Bolam, 1998; Clarke and Bolam, 1998; Chatha et al., 2000) .
Variability in the subunit composition of iGluRs plays an important role in determining the specific properties of the native receptors, including calcium permeability and receptor desensitization (Ozawa et al., 1998; Dingledine et al., 1999; Kew and Kemp, 2005) . The subunit composition of individual channels cannot be determined with immunohistochemistry, but the presence of more than one type of subunit at individual synapses can be revealed with double labeling experiments. Using this technique, Clarke and Bolam (1998) described that GluR2/3 and GluR4 are expressed at individual synapses in the entopeduncular nucleus (EP, rodent analog of the GPi); while GluR1 and GluR2/3 subunits co-localize in a significant proportion of glutamatergic synapses in the STN. On the other hand, NR1 and NR2A/B subunits coexist in a large proportion of glutamatergic synapses in both segments of the SN (Chatha et al., 2000) , consistent with the fact that functional NMDA receptors require at least one NR1 and one NR2 subunit (Mayer and Armstrong, 2004 ). An in-depth characterization of the subsynaptic localization of these subunits, including distinction of NR2A and NR2B with specific antibodies, could be useful to interpret behavioral pharmacology studies that showed antiparkinsonian properties of NR2B selective compounds in animal models of Parkinson's disease (for a review see Marino et al., 2003) .
As neurons in the basal ganglia receive glutamatergic inputs from different sources ( Fig. 1) , the question arises whether neurons are capable of targeting selective AMPA and NMDA receptor subtypes to specific synaptic inputs, a mechanism that could result in fine-tuning and strengthening of particular postsynaptic responses (Nusser, 2000) . Examples of such selective targeting have been described in the dorsal cochlear nucleus and hippocampus (Rubio and Wenthold, 1997; Nusser et al., 1998a; Watanabe et al., 1998) . The gathering of such information depends on rigorous quantitative analysis of individual synaptic labeling through serial ultra thin sections, an approach that has not yet been applied in basal ganglia.
Extrasynaptic AMPA and NMDA receptors AMPA and NMDA receptor subunits are localized at extrasynaptic locations in basal ganglia neurons, but there are discrepancies between pre-and postembedding immunogold data regarding the degree of extrasynaptic labeling for AMPA and NMDA receptor subunits. The pre-embedding method certainly reveals a much higher level of nonsynaptic immunoreactivity than the postembedding technique (Bernard et al., 1997; Bernard and Bolam, 1998; Fujiyama et al., 2004) . The apparent scarcity of extrasynaptic AMPA and NMDA labeling could be an artifact due to the reduced sensitivity of the postembedding immunogold method to detect low levels of antigens (see Technical Considerations above); and thus, the proportion of extrasynaptic NMDA and AMPA receptor subunits reported in studies that rely only on the postembedding method (Clarke and Bolam, 1998; Fujiyama et al., 2004) could be an underestimate.
Extrasynaptic iGluRs could potentially serve a number of roles in glutamatergic transmission. Glutamate receptors can switch between extrasynaptic and synaptic localizations via lateral diffusion in the plasma membrane (Triller and Choquet, 2003; Triller and Choquet, 2005) , a process that allows rapid regulation of synaptic strength (Rao and Craig, 1997) . Extrasynaptic iGluRs can also contribute to glutamate-mediated signaling at nonsynaptic locations, when glutamate release is sufficient to diffuse out of the synaptic space and activate extrasynaptic receptors (Kullmann, 2000) . They could also be critical for the glutamate-mediated responses induced by nonsynaptic glial release of neurotransmitter (Araque et al., 1999) . It is noteworthy that the responses of extrasynaptic receptors can be different, or even opposite, to the responses evoked by synaptic glutamate receptors. For instance, in hippocampal cultures, activation of synaptic NMDA receptors promotes cell-survival events; whereas activation of extrasynaptic receptors triggers neuronal degeneration and induces cell death (Hardingham et al., 2002) . It is not clear if such events occur in vivo, but detailed analysis of the abundance and subunit composition of synaptic vs. extrasynaptic receptors seems warranted to better understand the possible roles of these two different types of receptors in glutamatergic transmission.
Presynaptic AMPA and NMDA receptors Even though they are usually associated with postsynaptic effects, NMDA and AMPA receptors are also located presynaptically and modulate release of glutamate and other transmitters (MacDermott et al., 1999; Engelman and MacDermott, 2004) . In the basal ganglia, however, AMPA and NMDA receptors are not usually located presynaptically.
Only scarce presynaptic NR1 or NR2A immunoreactivity is observed in the striatum (Bernard and Bolam, 1998; Fujiyama et al., 2004) (but see Wang and Pickel, 2000) . Nevertheless, physiological studies indicate that striatal NMDA receptors are involved in the regulation of dopamine and glutamate release (e. g. Krebs et al., 1991; Micheletti et al., 1993; Morari et al., 1993; Cheramy et al., 1996; Sesack et al., 2003) . The lack of anatomical evidence for presynaptic NMDA receptors suggests that the effects observed in physiological studies are likely mediated by mechanisms that do not require presynaptic NMDA receptors. The presynaptic localization of AMPA receptors in the striatum remains controversial (Bernard et al., 1997; Fujiyama et al., 2004) .
Kainate receptors-Although AMPA and NMDA receptors are the primary mediators of glutamatergic transmission in the CNS, kainate (KA) receptors also contribute to neuronal excitability (for reviews, see Frerking and Nicoll, 2000; Huettner, 2003; Lerma, 2003) .
The localization of KA receptors at the EM level has been studied in the striatum and GP (Charara et al., 1999; Kieval et al., 2001; Kane-Jackson and Smith, 2003; Jin and Smith, 2005; Jin et al., 2006) , but not in other basal ganglia. In the monkey striatum, pre-and postembedding immunogold methods have revealed that the largest proportion of GluR6/7 and KA2 plasma membrane-bound subunits is located at extrasynaptic sites, while only one third is located at glutamatergic synapses , a strikingly different pattern from that of AMPA and NMDA receptors distributions (Bernard et al., 1997; Bernard and Bolam, 1998; Fujiyama et al., 2004) .
Despite the strong postsynaptic expression of the KA receptor subunits GluR6/7 and KA2 in the striatum , no evidence has been obtained for synaptic activation of these receptors after electrical stimulation of glutamatergic fibers, in dorsal striatum or nucleus accumbens (Chergui et al., 2000; Casassus and Mulle, 2002) . Postsynaptic KA receptors may depress GABAergic transmission indirectly, by release of adenosine acting on A 2A receptors (Chergui et al., 2000) .
KA receptor subunits are expressed presynaptically in cortical and thalamic terminals in the striatum (Charara et al., 1999; Kieval et al., 2001) . Activation of KA receptors by exogenous agonist inhibits glutamatergic transmission through presynaptic mechanisms, in the nucleus accumbens (Casassus and Mulle, 2002; Crowder and Weiner, 2002) . Also, in rat SNc dopaminergic neurons, activation of KA receptors results in modulation of GABAergic transmission, probably through a presynaptic mechanism (Nakamura et al., 2003) ; yet the precise location of KA receptors in SNc remains to be determined.
In the rat and monkey GP, KA receptor subunits are expressed in pre-and postsynaptic elements, the former include unmyelinated axons and putative glutamatergic and GABAergic terminals (Kane-Jackson and Jin et al., 2006) . Activation of KA receptors, indeed, has dual effects on glutamatergic transmission in slices of rat GP: it evokes postsynaptic currents with small amplitude and slower kinetics than AMPA receptor-mediated currents; and reduces glutamatergic synaptic transmission through presynaptic, G-protein-coupled, protein kinase C (PKC)-dependent, metabotropic mechanisms (Jin et al., 2006) .
Metabotropic glutamate receptors
The metabotropic glutamate receptors (mGluRs) are members of the class C G-protein-coupled receptors. To date, eight mGluR subtypes have been cloned, and based on sequence homology, pharmacological profile, and second messenger coupling they are classified into three groups: group I (mGluRs 1 and 5), group II (mGluRs 2 and 3) and group III (mGluRs 4, 6, 7 and 8). Group I mGluRs are mainly coupled to the G q/11 family of heterotrimeric G-proteins, which activates phospholipase C and subsequently increases intracellular Ca 2+ . Group I receptors can also induce slow direct depolarization by decreasing K + currents. In contrast, group II and group III receptors are coupled to the G i/o family, which negatively regulates adenylyl cyclase and cyclic AMP production. Group II and group III receptors can also increase K + and decrease Ca 2+ currents (Conn and Pin, 1997; Marino et al., 2003; Kew and Kemp, 2005) .
The three subgroups of mGluRs are widely distributed in the basal ganglia circuitry, where they modulate synaptic transmission through both pre and postsynaptic mechanisms Smith et al., 2001; Valenti et al., 2002; Conn et al., 2005) . In general, group I mGluRs are localized in postsynaptic elements, and mediate excitatory effects, whereas group II and group III receptors are localized presynaptically, and modulate neurotransmitter release. Table  2 presents a summary of the subcellular and subsynaptic localization of mGluR subtypes in the basal ganglia.
Group I mGluRs-The subcellular and subsynaptic distribution of group I mGluRs has been studied in detail in the monkey striatum , GP (Hanson and Smith, 1999) , and STN , as well as in the rat and monkey SN Marino et al., 2001) .
The localization of mGluR1a and mGluR5 in the basal ganglia shares some common characteristics: (1) Subsets of neurons in all basal ganglia nuclei co-express both mGluR1a and mGluR5. This pattern is different from other brain regions such as the cerebellum or hippocampus, where either mGluR1 or mGluR5 predominates (Baude et al., 1993) . (2) Both receptor subtypes are largely expressed in postsynaptic elements (i.e., dendrites, spines and perikarya). (3) A substantial, though variable, pool of receptors is associated with the intracellular compartments of dendritic processes and cell bodies. (4) The vast majority of plasma membrane-associated receptors are found at extrasynaptic locations. (5) When associated with synapses, both receptors are located at the edges of glutamatergic synapses. (6) Both receptor subtypes are also selectively expressed at GABAergic striatal synapses in GP and SNr, and at the edges of putative pallidal synapses in STN. Although the two group I mGluRs share common ultrastructural characteristics, it is important to highlight the fact that they also display specific ultrastructural features that may contribute to their different functions whenever they co-exist in individual basal ganglia neurons (Valenti et al., 2002; Conn et al., 2005) .
Postsynaptic expression of group I mGluRs In the monkey striatum, both mGluR1a and mGluR5 are primarily expressed in dendrites and spines . Perikarya of many medium-sized spiny neurons and some large cholinergic interneurons are also immunolabeled for mGluR5, but much less frequently for mGluR1a. In postsynaptic elements, both group I mGluR subtypes exhibit a similar pattern of subsynaptic distribution: 30-60% of immunoreactivity is apposed to the plasma membrane, while the rest is found in the intracellular compartments. Of the plasma membrane-bound receptors, more than 80% are extrasynaptic. The remaining 20% is localized at the edges of putative glutamatergic synapses or within the active zone of symmetric synapses. In addition to putative GABAergic synapses, mGluR5, but not mGluR1a, is also perisynaptic to a majority of symmetric synapses established by dopaminergic terminals in the monkey striatum ( Fig. 4C ) .
The subsynaptic localization of postsynaptic mGluR1a and mGluR5 is also similar in STN neurons Kuwajima et al., 2004b) , the majority (60-70%) of immunolabeling for both group I mGluR subtypes being found in the intracellular compartment, while 30-40% is expressed on the plasma membrane. Of the plasma membrane-bound immunolabeling, more than 90% is extrasynaptic, and less than 10% is associated with synapses. Most of such synapseassociated labeling is localized at the edges of postsynaptic specializations ( Fig. 4A ) .
Unlike the striatum and STN, the subsynaptic localization of mGluR1a and mGluR5 is different in postsynaptic elements of the monkey GP (both internal and external segments Hanson and Smith, 1999) , as well as the monkey and rat SN . In SN dendrites, a large proportion of mGluR1a immunolabeling is on the plasma membrane, whereas mGluR5 is mostly expressed in the intracellular compartment ( Fig. 4D-E ). Similar to the striatum, however, the vast majority of the plasma membrane-bound immunolabeling for both mGluR1a and mGluR5 is extrasynaptic, and the remaining immunoreactivity is localized at the edges of putative glutamatergic synapses or within the active zone of symmetric synapses established by putative striatal GABAergic terminals ( Fig. 4B ) (Hanson and Smith, 1999; Hubert et al., 2001; Kuwajima et al., 2004a) .
Differential distribution of mGluR1a and mGluR5: plasma membrane vs. intracellular receptors
There are some noticeable differences in the subcellular and subsynaptic distribution of mGluR1a and mGluR5, and it has been proposed that these differences in subsynaptic localization may underlie the functional specificity of the two group I mGluRs subtypes whenever they coexist in individual basal ganglia neurons (Valenti et al., 2002) . For instance, in GP and SN, mGluR1a immunoreactivity is predominantly associated with the plasma membrane, whereas the majority of mGluR5 immunoreactivity is localized in the cytoplasm ( Fig. 4E-D) (Hanson and Smith, 1999; Hubert et al., 2001; Kuwajima et al., 2004a) . This is an interesting finding, especially because group I mGluR-mediated direct depolarization in SNr and GP neurons depends solely on mGluR1 Poisik et al., 2003) . However, differential receptor distribution alone is probably not sufficient to explain such differences in physiologic functions because activation of predominantly intracellular mGluR5 does, indeed, evoke an increase in the intracellular level of Ca 2+ in SNr neurons . In addition, mGluR5 mediates cross-desensitization of mGluR1a in a PKC-dependent manner in GP (Poisik et al., 2003) .
Intracellular group I mGluR: functions and receptor trafficking
The intracellular pool of mGluR5 expressed on the nuclear envelope of striatal neurons is functional and activated by glutamate transported into the lumen of the envelope. Once activated, the nuclear mGluR5 modulates intranuclear level of Ca 2+ , and subsequently increases phosphorylation of the transcription factor CREB (Jong et al., 2005) , which could then result in gene transcription.
Intranuclear Ca 2+ is also known to influence other important cellular functions such as protein import into the nucleus (Rogue and Malviya, 1999) .
Since some immunolabeling is associated with microtubules and intracellular organelles such as the endoplasmic reticulum, the intracellular pool of group I mGluRs may also represent receptors in the process of trafficking to or from the plasma membrane. The intracellular trafficking of group I mGluRs can be regulated by scaffolding proteins such as Homer de Bartolomeis and Iasevoli, 2003) and tamalin (Kitano et al., 2002) , as well as specific amino acid residues within the intracellular C-terminal tail of the receptors (Francesconi and Duvoisin, 2002; Das and Banker, 2006) . Studies using cell culture systems have demonstrated that Homer proteins can regulate translocation of the receptor to the plasma membrane (Ango et al., 2000; Ango et al., 2002) ; the clustering of group I mGluRs on the cell surface (Serge et al., 2002; Das and Banker, 2006) , as well as translocation of receptors to different cellular compartments (e.g., soma vs. dendrites vs. axons) (Ango et al., 2000; Francesconi and Duvoisin, 2002; Das and Banker, 2006) . Tamalin increases the cell-surface expression of mGluR1a in heterologous cells (Kitano et al., 2002) . However, the precise role of Homer or tamalin proteins in the intracellular trafficking of group I mGluRs in vivo is still unknown. β-tubulin may also contribute to the differential plasma membrane distribution pattern of the two group I mGluR subtypes (Ciruela et al., 1999; Chan et al., 2001; Serge et al., 2003) .
While mGluR1a possesses the long C-terminal intracellular domain that mediates direct interactions with a variety of proteins like Homer and tamalin, such is not the case for other splice variants of mGluR1 (i. e., mGluR1b, c, and d). Although little is known about the subsynaptic localization of the short mGluR1 splice variants, there is light microscopic evidence that the immunolabeling for mGluR1b in the rat forebrain is usually restricted to neuronal perikarya and the very proximal portion of dendrites, while mGluR1a is localized in both the perikarya and the entire dendritic tree (Ferraguti et al., 1998) , suggesting the existence of differential trafficking mechanisms for mGluR1 splice variants.
Postsynaptic group I mGluRs at non-glutamatergic synapses
In the monkey striatum, mGluR5, but not mGluR1a, is expressed at the edges of symmetric synaptic specializations established by dopaminergic terminals . These results provide anatomical support for possible receptor interactions that could underlie synaptic plasticity in the striatum (Calabresi et al., 1996) . An interesting possibility described in the cerebral cortex, is that dopamine receptors and group I mGluRs cooperate to induce long-term depression (LTD) by convergence on common signaling pathways (Otani et al., 1999) .
Both group I mGluR subtypes are found postsynaptically at the striatopallidal and striatonigral synapses. Activation of group I mGluRs at these synapses could potentially modulate GABAergic neurotransmission through the G q signaling cascade. For instance, the activation of mGluR5 enhances GABA A -mediated currents in a Ca 2+ -and PKC-dependent manner in retinal amacrine cells (Hoffpauir and Gleason, 2002) . Also, GABA B receptors contain consensus sequence for PKC phosphorylation sites in the C-terminal tail, which can lead to suppression of GABA B -mediated K + conductance in hippocampus (Couve et al., 2000) . Activation of GABA B receptors enhances mGluR1-mediated excitatory postsynaptic currents in cerebellar Purkinje neurons (Hirono et al., 2001; Tabata et al., 2004) , from which these receptors co-immunoprecipitate (Tabata et al., 2004) . Although such interactions between group I mGluRs and GABA receptors have not yet been demonstrated in the basal ganglia, the fact that both receptor families display common patterns of subsynaptic localization at GABAergic synapses offer potential sites where they could functionally interact (Hanson and Smith, 1999; Galvan et al., 2004; Kuwajima et al., 2004b; Charara et al., 2005) .
Presynaptic group I mGluRs In the monkey striatum, a subpopulation of thalamostriatal terminals displays immunoreactivity for mGluR1a ( Fig. 4F ). Less frequently, corticostriatal and dopaminergic terminals also show mGluR1a immunolabeling ( Fig. 4G) . These findings suggest that group I mGluRs have a presynaptic role modulating dopaminergic and glutamatergic transmission in the monkey striatum, which is consistent with microdialysis studies showing that local application of group I mGluR agonists facilitates dopamine release in the rat striatum (Verma and Moghaddam, 1998; Bruton et al., 1999) . Also, the pharmacological blockade of glutamate transporters in the rat striatum inhibits evoked DA release, an effect likely mediated by the activation of presynaptic mGluR1a on dopaminergic terminals via glutamate spilled over from neighboring cortical and/or thalamic afferents (Zhang and Sulzer, 2003) .
Presynaptic effects of group I mGluRs inhibit synaptic transmission in slices of young (P14-18) rat SNr, despite light presynaptic mGluR1 and mGluR5 immunolabeling in adult SNr . This discrepancy between the electrophysiological data and receptor localization can be explained by a developmental regulation of group I mGluR in rat SNr. In contrast to adults, both mGluR1 and mGluR5 are highly expressed in unmyelinated axons in P14-18 rats (Hubert and Smith, 2004) suggesting that presynaptic effects of group I mGluRs in SNr may be an age-dependent phenomenon. Alternatively, the activation of postsynaptic group I mGluRs may lead to the synthesis and release of endocannabinoids, which, in turn, may retrogradely activate presynaptic CB1 cannabinoid receptors to modulate excitatory neurotransmission, as demonstrated in the cerebellum and hippocampus (reviewed in Doherty and Dingledine, 2003) .
Glial expression of group I mGluRs
Immunoreactivity for mGluR5 is found in glial processes in the monkey striatum , the mouse GP (Kuwajima et al., 2004a) , and the monkey and mouse STN (Kuwajima et al., 2004a; Kuwajima et al., 2004b) . Glial processes in the adult rat SNr do not express mGluR5, although mGluR5-immunoreactive processes are very abundant in young rats (Hubert and Smith, 2004 ), suggesting a role for this receptor in CNS development (Romano et al., 1995; Catania et al., 2001) . mGluR1a is also expressed in glial processes in the monkey STN , and the monkey and rat SNr . A growing body of evidence suggests that group I mGluRs expressed in glial cells are involved in intracellular signaling and glial function (e. g., Ca 2+ mobilization and regulation of K + conductance; for a review see Winder and Conn, 1996) .
Group II and Group III mGluRs-In contrast to the extensive information currently available for group I mGluRs in the basal ganglia, little is known about the subsynaptic localization of group II and group III mGluRs. The use of the immunogold technique has been restricted to a couple of reports on mGluR3 and mGluR4 (Tamaru et al., 2001; Corti et al., 2002) . Aside from these, the available electron microscope studies have used the immunoperoxidase technique to describe the subcellular distribution of these receptors. These studies have been extensively reviewed elsewhere . Here, they will be discussed briefly, along with the limited information that has been obtained using immunogold methods.
Both group II and group III mGluRs are mainly expressed in presynaptic elements in basal ganglia nuclei, where they act as auto-or heteroreceptors. Overall, group II and III mGluRs display a significantly different pattern of expression in presynaptic elements; group II mGluRs being preferentially expressed in pre-terminal axons and nonsynaptic sites of the plasma membrane of axon terminals, whereas group III mGluRs are confined to the presynaptic active zone of labeled boutons, close to the transmitter release site (Petralia et al., 1996; Bradley et al., 2000; Corti et al., 2002; Poisik et al., 2005) .
Both mGluR2 and mGluR3 are found in glutamatergic terminals making asymmetric synapses in the striatum (Tamaru et al., 2001) and SNr (Bradley et al., 2000) . In the striatum, some of the mGluR2-containing elements arise from the cerebral cortex, while in SNr, a significant proportion likely originates in the STN (Bradley et al., 2000; Tamaru et al., 2001) . Immunolabeling for mGluR3 is found mostly on the extrasynaptic plasma membrane, and only occasionally in the presynaptic active zone (Tamaru et al., 2001) . Like group II receptors, mGluR7 is localized in putative cortical terminals making axo-dendritic and axo-spinous asymmetric synapses in the striatum (Kinoshita et al., 1998; Kosinski et al., 1999) . Another group III receptor, mGluR4, is also present at asymmetric synapses albeit to a lesser extent, in the striatum and SNr (Corti et al., 2002) . In line with these findings, both group II and group III mGluRs regulate glutamate release at excitatory corticostriatal (Calabresi et al., 1992; Lombardi et al., 1993; East et al., 1995; Lovinger and McCool, 1995; Pisani et al., 1997) , and subthalamonigral synapses (Bradley et al., 2000; Wittmann et al., 2001) . In GP, group II mGluRs are also expressed in small unmyelinated pre-terminal axons and glutamatergic terminal boutons (Poisik et al., 2005) . In the midbrain, activation of group II and III mGluRs modulates glutamatergic transmission onto DA neurons (Wigmore and Lacey, 1998; Valenti et al., 2005) . Functional mGluR4 and mGluR7a autoreceptors are both expressed in the STN (Kosinski et al., 1999; Awad-Granko and Conn, 2001; Corti et al., 2002) , although the detailed subsynaptic localization is yet to be characterized.
Group III mGluRs also act as heteroreceptors that modulate the release of GABA in the basal ganglia. The presence of these receptors in the active zones of putative GABAergic terminals has been described in the striatum (Corti et al., 2002) , GP (Bradley et al., 1999a; Bradley et al., 1999b; Corti et al., 2002) and SNr (Corti et al., 2002) . Immunoreactivity for mGluR4 and mGluR7 is present at symmetric (probably striatal) synapses in GP and SNr (Kosinski et al., 1999) . Accordingly, electrophysiological evidence indicates that the activation of group III mGluRs regulates GABA release in these brain regions Valenti et al., 2003) . Extrasynaptic glutamate can also modulate dopamine release via group II mGluRs in nigrostriatal terminals (Baker et al., 2002) .
Glutamate transporters
After synaptic release, clearance of glutamate from the extracellular space is accomplished by high-affinity transporters. Through regulation of extracellular glutamate concentration, glutamate transporters can influence the activation of synaptic and extrasynaptic glutamate receptors (Rusakov and Lehre, 2002; Huang and Bergles, 2004 ).
To date, five different glutamate or excitatory amino acid transporters (EAATs) have been cloned: GLAST (GluT, EAAT1), GLT1 (EAAT2, GLAST2, GLTR), EAAC1 (EAAT3), EAAT4 and EAAT5. GLAST and GLT1 are primarily found in glial cells, while EAAC1, EAAT4 and EAAT5 are expressed in neurons. GLT1 is widely expressed throughout the brain, and is considered as the major glutamate transporter in the CNS. GLAST has a more restricted distribution, being expressed only at low levels in most brain regions. EAAC1 is found in most areas of the brain, the highest levels are detected in the hippocampus, cerebellum and basal ganglia. EAAT4 is expressed primarily in Purkinje cell dendrites, while EAAT5 expression is restricted to the retina. In the CNS, EAATs are rarely expressed on glutamatergic terminals (for an in-depth review of glutamate transporters, the reader is referred to Danbolt, 2001) .
The available information regarding the distribution of EAATs in the basal ganglia derives mostly from in situ hybridization (Torp et al., 1994; Velaz-Faircloth et al., 1996; Lievens et al., 2001) and light microscopic immunohistochemical studies (Rothstein et al., 1994; Lehre et al., 1995) ; except for EM data from our group on the ultrastructural localization of GLT1, GLAST and EAAC1 in monkey (Charara et al., 2002) .
In the basal ganglia, GLT1 is localized for the most part in glial processes, except in the striatum, where is also expressed in a subset of dendritic spines (Charara et al., 2002) . Although GLT1 is considered as a glial transporter (Danbolt, 2001) , the GLT1b isoform is expressed in neurons (Chen et al., 2002b) , and could represent a neuronal component for the rapid clearance of glutamate from the synaptic cleft. In GPe and GPi, GLT1-immunopositive glial processes form a tight sheath surrounding axo-dendritic synaptic complexes (Fig. 5) (Charara et al., 2002) . Remarkably, these GLT1-containing glial processes do not extend between terminals to reach the synaptic cleft, as they do in the striatum (Charara et al., 2002) and other brain regions (Lehre and Danbolt, 1998) . One could speculate that this arrangement allows glutamate released from axon terminals to persist in the extracellular space long enough to diffuse and activate extrasynaptic targets distant from neurotransmitter release sites.
EAAC1 is found mostly in postsynaptic elements, expressed at extrasynaptic locations, or associated with the intracellular compartment of labeled elements. Presynaptically, EAAC1 is expressed only in small subpopulations of terminals in the GP and SN, suggesting limited extent of glutamate reuptake in nerve terminals. GLAST immunoreactivity is confined to thin glial processes (Charara et al., 2002) .
Besides their importance in neurotransmitter clearance, glutamate transporters play a role in preventing glutamate-induced neurotoxicity (Danbolt, 2001) . Interestingly, the density of GLT1 in striatal astrocytes is decreased in a rodent model of PD (Dervan et al., 2004) . This deficiency suggests a compromised ability of glial cells to regulate glutamate and its associated synaptic functions in parkinsonism, which appears to be reversed after levodopa treatment (Lievens et al., 2001) .
Glutamate transporters may also be involved in non-vesicular release of glutamate (Nedergaard et al., 2002) , a process that has been documented in the rat striatum, where both glutamate and dopamine transmission are modulated by glutamate released nonsynaptically from the cysteine-glutamate antiporter (Baker et al., 2002; Moran et al., 2005) . Figure 7A summarizes our current knowledge about the subsynaptic localization of iGluRs, mGluRs and EAATs in the basal ganglia. AMPA and NMDA receptors are enriched in the postsynaptic densities of glutamatergic synapses; while KA receptors and group I mGluRs are prominent at peri-and extrasynaptic locations (as described in other brain regions, e. g. Ottersen and Landsend, 1997; Takumi et al., 1999) . Group II and III mGluRs and KA receptors contribute to the presynaptic regulation of glutamatergic and GABAergic activity throughout the basal ganglia. EAATs are located mostly in glial processes (GLT1), or at extrasynaptic locations on the plasma membrane of the postsynaptic elements (EAAC1).
Overview of Glutamate transmission in the basal ganglia
Extrasynaptic glutamate receptors could be activated after spillover of synaptically released glutamate. Since mGluRs exhibit a higher affinity for glutamate than AMPA/kainate receptors (Conn and Pin, 1997; Dingledine et al., 1999) , they can be activated by relatively small concentrations of glutamate. Consistent with this notion, evoked postsynaptic group I mGluR responses require high-frequency or tetanic stimulation of glutamatergic afferents (Batchelor et al., 1994; Tempia et al., 1998; Zhang and Sulzer, 2003) , and strongly respond to glutamate transporters blockade (Brasnjo and Otis, 2001; Reichelt and Knopfel, 2002) .
GABAERGIC TRANSMISSION
Except for the projections from the STN, SNc and striatal cholinergic interneurons, all intrinsic connections and output projections of the basal ganglia are GABAergic (Fig. 1) . In recent years, several reports have come to light regarding the ultrastructural localization of GABA A and GABA B receptors in the basal ganglia, and information has also started to emerge regarding the localization of the GABA transporters. These studies have contributed to the understanding of GABAergic transmission in the basal ganglia circuitry.
GABA A receptors
The rapid inhibitory responses characteristic of GABAergic transmission are mediated by the activation of GABA A receptors, which are ligand-gated chloride channels formed by five subunits. The GABA A receptor subunits characterized to date are α1-α6, β1-β4, γ1-γ3, ρ1-ρ3, δ, ε, θ, π and their combinations result in specific physiological and pharmacological profiles. The most common GABA A receptor stoichiometry is two α, two β and one γ subunits (Barnard et al., 1998; Korpi et al., 2002; Sieghart and Sperk, 2002) .
The ultrastructural localization of some of the most prevalent subunits (α1, β2/3, γ2) has been analyzed using immunogold in rat striatum (Fujiyama et al., 2000) , monkey and rat GP Charara et al., 2005) , in rat SN (Fujiyama et al., 2002) , as well as in the monkey STN , as detailed in Table 3 .
Various common features characterize the subsynaptic localization of GABA A receptors in the basal ganglia: (1) A large proportion of GABA A α1, β2/3 and γ2 subunits are localized at symmetric synapses which, in many cases, have been clearly identified as GABAergic.
(2) GABA A α1, β2/3 and γ2 subunits often co-localize at the level of individual synapses. (3) GABA A receptor subunits are also localized at extrasynaptic locations. (4) GABA A receptor subunits are not expressed at asymmetric (glutamatergic) synapses.
Synaptic GABA A receptors-The most prominent immunogold labeling for GABA A receptor subunits is clustered at symmetric (putatively GABAergic) synapses (Fig. 6B) . GABA A receptor α1, β2/3 and γ2 subunits are often co-localized and evenly distributed along synaptic specializations Fujiyama et al., 2000; Fujiyama et al., 2002; Galvan et al., 2004; Charara et al., 2005) , suggesting that fast GABA A -mediated IPSPs, reported extensively in various basal ganglia structures (e. g. Kita et al., 1983; Nakanishi et al., 1985; Nakanishi et al., 1987; Kita and Kitai, 1991; Tepper et al., 1995; Paladini et al., 1999; Kita, 2001; Bevan et al., 2002; Hallworth and Bevan, 2005) , are mostly mediated by synaptic GABA A receptors containing α1, β2/3 and γ2 subunits.
For the most part, GABA A -positive synapses are formed by terminals enriched in GABA (Fujiyama et al., 2000 (Fujiyama et al., ,2002 , but in the rat striatum, about half of these terminals present no detectable GABA levels (Fujiyama et al., 2000) . These could represent non-GABAergic terminals associated with GABA A receptors, including dopaminergic and cholinergic boutons (Izzo and Bolam, 1988; Pickel and Chan, 1990; Smith et al., 1994) . Those terminals containing GABA and forming GABA A -positive synapses originate from local axon collaterals of striatal projection neurons or GABAergic interneurons. A small, albeit significant, GABAergic contribution from the GPe, SNr and VTA should also be considered (Smith and Parent, 1986; Rajakumar et al., 1994; Bevan et al., 1998; Gonzalez-Hernandez et al., 2004) .
Projections from GABA/parvalbumin-containing interneurons exert a powerful inhibition on spiny projection neurons through synapses on proximal dendrites or perikarya Koos and Tepper, 1999; Koos et al., 2004; ; whereas local axon collaterals terminate more distally; mainly on spines (Wilson and Groves, 1980) , and generate weak inhibitory responses (Jaeger et al., 1994; Koos et al., 2004) . The differences between the inhibitory strength of the spiny cell axon collaterals and GABA interneurons arise mainly from the location and the number of synapses formed by each type of afferents ). Yet, another factor that could contribute to the strength of GABA A -mediated inhibition, which has not been explored in detail, is the density and the subunit composition of postsynaptic GABA A receptors at specific synapses. Compartmentalized distribution of GABA A receptors at different GABAergic afferents has been described in the cerebellum and hippocampus (Nusser et al., 1995a; Nusser et al., 1995b; Nusser et al., 1996; Nyiri et al., 2001) . GABA A receptor density at individual synapses varies in response to plastic changes induced by normal physiological activity (Christie and de Blas, 2002) , or pathological conditions. Such plasticity is observed in the rat SNr, after striatal lesions (an animal model of Huntington's disease), which results in an increased density of GABA A receptor subunits at synapses established by degenerating striatonigral terminals (Fujiyama et al., 2002) . This represents an elegant example of the reliability and sensitivity of ultrastructural analysis to characterize changes of receptor proteins at subsynaptic levels in pathological conditions. Extrasynaptic GABA A receptors-Extrasynaptic GABA A receptors have been described in many brain regions (Nusser et al., 1995a; Nusser et al., 1995b; Nusser et al., 1998b) . In the basal ganglia, a significant level of GABA A receptor subunits immunoreactivity is located at nonsynaptic sites, as revealed with the pre-embedding immunogold method (Fig. 6A ) Fujiyama et al., 2000; Fujiyama et al., 2002; Galvan et al., 2004; Charara et al., 2005) . However, because of the relatively lower density of extrasynaptic receptors compared to synaptic receptors, the postembedding method usually fails to reveal significant extrasynaptic GABA A receptor labeling (as described above for AMPA and NMDA receptors). This emphasizes the importance of using various immunocytochemical approaches to achieve a clear and accurate picture of the subcellular and subsynaptic localization of receptor proteins.
While the exact subunit composition and the functional relevance of extrasynaptic GABA A receptors in the basal ganglia remain to be established, data gathered in the cerebellum and dentate gyrus indicates that extrasynaptic GABA A receptors likely contain α4, α5, α6 or δ subunits (Mody, 2001; Semyanov et al., 2004) . Of these, α4 is strongly expressed in the striatum; while moderate to high levels of the δ subunit are present in all basal ganglia nuclei (Wisden et al., 1992; Fritschy and Mohler, 1995; Kultas-Ilinsky et al., 1998; Schwarzer et al., 2001) . These subunits confer specific pharmacological properties. Receptors containing the δ subunit, in particular, have a higher affinity for GABA than other GABA A receptors, and little or no desensitization to prolonged presence of agonist, making them ideal candidates to sense the low concentrations of GABA that persist in the extracellular space (Mody, 2001; Semyanov et al., 2004) . Extrasynaptic GABA A receptors have generated increasing interest in recent years because of their prominent role in mediating tonic GABA-mediated currents that can significantly affect the membrane conductance and impact neuronal excitability (Semyanov et al., 2004; Mody, 2005) . To date, GABA A receptor-mediated tonic currents have not been studied in basal ganglia neurons, except in the STN, where such conductances have not been found (Hallworth and Bevan, 2005) .
GABA B receptors
Metabotropic GABA B receptors are heterodimers formed by GABA B R1 and GABA B R2 subunits (Marshall et al., 1999) . Postsynaptic GABA B receptors mediate slow hyperpolarization, while presynaptic receptors inhibit neurotransmitter release (Bowery et al., 2002; Bettler et al., 2004) .
Detailed subsynaptic localization of GABA B R1 and R2 receptors has been described in the rat SNr, SNc, GP and striatum (Boyes and Bolam, 2003; Chen et al., 2004; Lacey et al., 2005) , and that of GABA B R1 in the monkey STN and GP Charara et al., 2005) (see Table 4 ). These studies reveal that the subcellular localization of GABA B receptors shares several similarities among basal ganglia across species: (1) The majority of GABA B receptors are located intracellularly. (2) The majority of plasma membrane-bound GABA B receptors are associated with extrasynaptic sites. (3) A small proportion of GABA B receptors is located at symmetric (GABAergic) synapses. (4) A small proportion of GABA B receptors is found at the edges of asymmetric (glutamatergic) postsynaptic specializations. (5) Presynaptic GABA B receptors are encountered on subpopulations of glutamatergic and GABAergic terminals.
Postsynaptic GABA B receptors-In contrast to the hippocampus, cerebellum and thalamus, where most GABA B R1 labeling is bound to the plasma membrane (Kulik et al., 2002; Kulik et al., 2003; Villalba et al., 2006) , the largest proportion of GABA B R1 labeling is intracellular in basal ganglia neurons (Boyes and Bolam, 2003; Chen et al., 2004; Galvan et al., 2004; Charara et al., 2005; Lacey et al., 2005) . Intracellular GABA B R1 immunoreactivity could represent GABA B R1/R2 heterodimers trafficking to the plasma membrane (Couve et al., 2000) , or non-functional GABA B R1 subunits (Margeta-Mitrovic et al., 2000) . The larger proportion of intracellular GABA B R1 subunits in the basal ganglia, compared to other brain regions, suggests that basal ganglia neurons are exposed to specific conditions that affect the trafficking and internalization of GABA B R1subunits.
In contrast to the abundance of synaptic GABA A receptors, the largest proportion of postsynaptic plasma membrane-bound GABA B R1 and GABA B R2 immunoreactivity is extrasynaptic ( Fig. 6C ) (Boyes and Bolam, 2003; Chen et al., 2004; Galvan et al., 2004; Charara et al., 2005; Lacey et al., 2005) ; a general feature of metabotropic GABAergic receptors throughout the brain (Ige et al., 2000; Gonchar et al., 2001; Kulik et al., 2002; Kulik et al., 2003; Lujan et al., 2004; Villalba et al., 2006) . In all basal ganglia structures, smaller proportions of plasma membrane-bound GABA B receptors are found either at the edges of asymmetric synapses formed by glutamatergic afferents, or at symmetric GABAergic synapses (Boyes and Bolam, 2003; Chen et al., 2004; Galvan et al., 2004; Charara et al., 2005; Lacey et al., 2005) . As discussed above (see Group I mGluRs section), there is a striking similarity between the distribution patterns of group I mGluRs and GABA B receptors in the STN, GP and SN. GABA B -mediated postsynaptic effects have been reported in striatum (Seabrook et al., 1991) ; SNc (Engberg et al., 1993; Erhardt et al., 1999) ; and in a subpopulation of GP neurons (Stefani et al., 1999) ; while other studies described no significant GABA B -mediated electrophysiological responses in SNr (Shen and Johnson, 1997; Chan et al., 1998) and STN neurons (Shen and Johnson, 2001; Urbain et al., 2002) . The functions and mechanisms of activation of postsynaptic GABA B receptors remained unclear, and the abundance of postsynaptic GABA B receptors seemed to be at odds with the weak postsynaptic responses observed, until recent data provided important insights into the physiological conditions under which postsynaptic GABA B receptors can be activated (Hallworth and Bevan, 2005; Kaneda and Kita, 2005; Kita et al., 2006) . In both STN and GP, high frequency stimulation of GABAergic afferents is necessary to elicit postsynaptic GABA B -mediated effects, while single pulses evoke GABA A -mediated responses (Hallworth and Bevan, 2005; Kaneda and Kita, 2005; Kita et al., 2006) . Furthermore, the activation of GABA B receptors elicit burst firing in STN neurons (Hallworth and Bevan, 2005) . These findings suggest that GABA B receptors exert their effects only in response to synchronous firing of large populations of afferent projections.
Presynaptic GABA B receptors-Presynaptic GABA B R1 and R2 immunoreactivity is found in a subset of putative glutamatergic terminals forming asymmetric synapses in the striatum, GP, STN and SN Boyes and Bolam, 2003; Charara et al., 2004; Chen et al., 2004; Charara et al., 2005; Lacey et al., 2005) . In the striatum, presynaptic GABA B receptors are expressed in cortical and thalamic terminals, identified with vesicular glutamate transporters 1 and 2 (vGluT1 and vGluT2, respectively), indicating that the two main sources of excitatory inputs to striatal neurons can be regulated by GABA B receptors (Lacey et al., 2005) . GABA B agonists, indeed, depress glutamate-mediated postsynaptic potentials in slices of rat striatum, GP and STN (Calabresi et al., 1990; Seabrook et al., 1990; Calabresi et al., 1991; Nisenbaum et al., 1992 Nisenbaum et al., ,1993 Shen and Johnson, 2001; Chen et al., 2002a) .
Besides their role as heteroreceptors, presynaptic GABA B receptors are also expressed in GABAergic terminals in the rat striatum, GP, SNr and SNc (Boyes and Bolam, 2003; Chen et al., 2004; Lacey et al., 2005) . Thus, GABA B receptors are in position to modulate the release of GABA, as shown in the rat striatum and SN (Wilson and Wilson, 1985; Floran et al., 1988; Giralt et al., 1990; Seabrook et al., 1991; Nisenbaum et al., 1992 Nisenbaum et al., ,1993 Hausser and Yung, 1994; Stanford and Lacey, 1996; Shen and Johnson, 1997; Chan et al., 1998; Chen et al., 1998; Giustizieri et al., 2005) . Surprisingly, despite the strong presynaptic expression of GABA B receptors in GABAergic terminals in the GP (Chen et al., 2004) , presynaptic modulation of GABA release does not appear to be mediated by GABA B receptors (Hashimoto and Kuriyama, 1997) .
GABA B receptors are located in subsets of en passant, putatively dopaminergic, boutons in the striatum Lacey et al., 2005) , which provides direct support for presynaptic GABA B regulation of dopamine release in the striatum (Reimann, 1983; Arias Montano et al., 1992; Smolders et al., 1995) (but see Santiago et al., 1993) .
GABA transporters
GABA transporters take up GABA from the synaptic cleft to terminate the synaptic events evoked by released GABA. In addition, these transporters can mediate non-vesicular release of GABA, by reversing the direction of transport (Isaacson et al., 1993; Richerson and Wu, 2003) . To date, four GABA plasma membrane transporters have been characterized, namely GAT1, GAT2, GAT3 (GABA transporter 1-3), and BGT1 (Betaine-GABA transporter). Both GAT1 and GAT3 are widely expressed in the brain. Originally, GAT1 and GAT3 were considered as exclusive neuronal and glial transporters, respectively, but this distinction is far from absolute, since GAT1 is expressed in glial cells, and instances of neuronal GAT3 expression have been reported (Borden, 1996) . In the brain, GAT2 expression is restricted to the meninges and the ependymal cells lining the ventricles; while low to moderate levels of BGT1 are expressed in most brain regions (Borden, 1996; Dalby, 2003) . Scant information, derived mostly from in situ mRNA hybridization and light microscopy immunocytochemistry, is available on the distribution of GABA transporters in the basal ganglia (Durkin et al., 1995; Yasumi et al., 1997; Augood et al., 1999) . The subcellular localization of GAT1 and GAT3 has been analyzed in the monkey GPe using immunoperoxidase (Galvan et al. 2005 ).
GAT1 immunoreactivity is primarily found in pre-terminal axons and glial elements, whereas GAT3 is restricted to glial processes (Galvan et al., 2005) . Furthermore, most GAT1-or GAT3labeled processes are distant from GABAergic synapses. Only scarce GAT1-and none GAT3positive axon terminals are found in GPe, indicating that limited uptake of GABA occurs in presynaptic terminals. Interestingly, the GAT3-labeled glial processes in the monkey GPe display a pattern of distribution remarkably similar to that of GLT1 (Charara et al., 2002) ; i. e., both ensheath complexes or rosettes of dendrites and terminals (Fig. 5) .
The functions of GABA transporters in the basal ganglia have been studied to a limited extent; however the information available indicates that their activity is essential to regulate GABAmediated transmission. In rat GP slices, for instance, blockade of GAT1 inhibits GABA uptake (Gonzalez et al., 2006) and alters GABA A -mediated responses (Chen and Yung, 2003) . In vivo, intrapallidal injections of GAT1 blockers result in altered motor behavior in the rat (Chen and Yung, 2003) ; while in the monkey, both GAT1 and GAT3 modulate the levels of extracellular GABA and the spontaneous activity of GPe and GPi cells (Galvan et al., 2005) . SNr express functional GAT1 (Bahena-Trujillo and Arias- Montano, 1999) , and blockade of GAT1 or GAT3 in this area reduces electroshock-induced convulsions (Dalby, 2000) . In the striatum, GABA transporters contribute to action potential-independent release of GABA (Del Arco et al., 1998; Schoffelmeer et al., 2000) .
It is currently unknown if GABA transporters exhibit plastic changes under pathological conditions. For instance, GABA transporters could be up-or downregulated in response to the altered levels of GABA observed in GPe (Robertson et al., 1991) and STN (Soares et al., 2004) in parkinsonism. Ultrastructural immunogold studies are needed to determine the localization of these transporters at the synaptic level in the basal ganglia, in normal and disease conditions.
Overview of GABAergic transmission in the basal ganglia
A schematic representation of the ultrastructural localization of GABA receptors and transporters is shown in Fig. 7B . In general, the subsynaptic distribution of GABA A and GABA B receptors in basal ganglia nuclei is consistent with the current view that GABA A receptors are localized to mediate fast phasic inhibition, while GABA B receptors are mostly extrasynaptic and mediate slow long term inhibition (Mody et al., 1994) . GABA B receptors display a high affinity for GABA (Jones et al., 1998) which makes them well suited to detect extrasynaptic neurotransmitter spillover. On the other hand, synaptic GABA A receptors have a much lower affinity for GABA and desensitize much more rapidly than GABA B receptors (Macdonald and Olsen, 1994) . However, the subunit composition of specific subtypes of extrasynaptic GABA A receptors makes them more sensitive to GABA and less prone to desensitization in response to prolonged exposure to the agonist (Semyanov et al., 2004) .
More information is needed on the distribution of GABA transporters in the basal ganglia. The glial and nonsynaptic localization of GAT1 and GAT3 in the monkey GPe suggests potential for diffusion of GABA from synaptic release sites, to activate extrasynaptic targets.
CONCLUDING REMARKS
High resolution EM immunocytochemistry has provided the basic elements to construct a working model of the subsynaptic localization of glutamate and GABA receptors and transporters in the basal ganglia (Fig. 7) . This scenario, as complex as it may appear, is by necessity a simplification, particularly because other neurotransmitter systems have yet to be incorporated. An important concept that stands out from these findings is the significant proportion of metabotropic and ionotropic receptors at extrasynaptic sites in basal ganglia neurons, which raises interesting issues about the activation and roles of extrasynaptic receptors in neuronal communication. In this review, we have highlighted the possibility that activation of extrasynaptic GABA and glutamate receptors throughout the basal ganglia relies on neurotransmitter diffusion outside the synaptic cleft, a phenomenon that has been demonstrated in vitro in cerebellar and hippocampal neurons (Isaacson et al., 1993; Mitchell and Silver, 2000; Scanziani, 2000; Hamann et al., 2002) . The extent to which this occurs in vivo, however, remains unclear.
Several other possibilities for extrasynaptic receptor activation must be considered: (1) Nonvesicular release of transmitters, mediated by reversed activity of plasma membrane transporters (Attwell et al., 1993; Baker et al., 2002; Moran et al., 2005) . (2) Glial release of transmitters (Araque et al., 1998) . (3) Direct receptor-receptor interactions. Several examples of such interactions have now been described in transfected cells; including GABA A γ2 and dopamine D5 receptors (Liu et al., 2000) , GABA A γ2 and GABA B R1 receptors (Balasubramanian et al., 2004) , and NMDA NR1 and D1 receptors (Lee et al., 2002; Pei et al., 2004) . (4) Common signal transduction mechanisms, as demonstrated for GABA B and group I mGluRs in the cerebellum (Hirono et al., 2001; Tabata et al., 2002; Tabata et al., 2004) . (5) Agonist-independent modulation, as described for group I mGluRs (Ango et al., 2001) . (6) Spare receptors. Extrasynaptic GABA and glutamate subunits can act as a reserve pool, which can potentially be inserted in the postsynaptic density (Triller and Choquet, 2003; Triller and Choquet, 2005) . Alternatively, they could represent synaptic receptors translocated to nonsynaptic regions prior to internalization (Barnes, 2000; Ashby et al., 2004; Racz et al., 2004) . It cannot be excluded that extrasynaptic receptors are non-functional under basal physiological conditions. However, they could be activated by exogenous receptor modulators, or the endogenous ligand in toxic or pathological conditions, which makes them highly relevant as potential targets for novel pharmacological therapies.
Although significant progress has been made in the characterization of glutamate and GABA receptor localization in the basal ganglia, a substantial amount of work remains to be done. Additional, quantitative measurements of receptor density at identified synapses from specific sources are needed; as are detailed comparative analyses of receptor localization in normal and pathological conditions. These future studies will provide critical information on the level of plasticity glutamate and GABA receptors are endowed with, and pave the way for the refinement of available therapies, and development of novel pharmacotherapeutic approaches for basal ganglia diseases. Schematic representation of the main afferents and efferents of basal ganglia neurons. Minor connections have been omitted for the sake of clarity. Abbreviations: GPe: globus pallidus, external segment; GPi: globus pallidus, internal segment; PPN: Pedunculopontine nucleus; RF: Reticular Formation; SC: superior colliculus; SNc: substantia nigra pars compacta; SNr: substantia nigra pars reticulata; STN: subthalamic nucleus. Schematic representation of the three main techniques used for EM immunocytochemistry.
The three examples show immunostaining for α1 subunits of the GABA A receptor in the monkey STN. AT, axon terminal; den, dendrite Co-localization of the GluR2/3 AMPA and NR1 NMDA receptor subunits at an asymmetric, putatively glutamatergic synapse, in the rat SNr, as revealed by double-labeling postembedding immunogold. Arrowhead points to NR1 subunits (10 nm gold particles), arrow indicates GluR2/3 subunits (15 nm particles) d, dendrite, b, bouton. Scale bar: 0.5 μm. Localization of GLT1 (A) and GAT3 (B) in the monkey GPe, as revealed by immunoperoxidase. Both transporters display a similar pattern of distribution, being confined to glial processes (arrowheads) that surround groups of axonal terminals (AT) in contact with a dendrite (den). Scale bar 1 μm (valid for A and B). B from Galvan et al., 2005 , with permission.
Figure 6.
Subsynaptic localization of GABA A and GABA B receptors in the monkey STN. A. GABA A receptors revealed by pre-embedding immunogold. Most of the immunogold particles are located at extrasynaptic sites (white arrows). Some particles are at the edge (black arrow) of a symmetric synapse (arrowhead). B. GABA A receptors revealed by postembedding immunogold. The majority of gold particles (white arrowheads) are located at symmetric synapses (black arrowhead). C. Pre-embedding immunogold to reveal GABA B receptors. Gold particles at extrasynaptic locations on the plasma membrane are indicated by white arrows. Abbreviation: den, dendrite. Scale bars: A, B 0.5 μm; inset in B 0.1 μm; C, 0.25 μm. From Galvan et al. 2004 , with permission. Summary figure of the subsynaptic localization of glutamate (panel A) and GABA (panel B) receptors and transporters in the basal ganglia, as revealed by immunogold EM studies. The schematic representation shows exemplary glutamate and GABA terminals that form axodendritic synapses. Most of the features depicted in A and B are valid for a majority of basal ganglia neurons; except for the spines of projection neurons and interneurons in the striatum, which are depicted in panels C and D respectively. Summary of the main ultrastructural features of the subcellular and subsynaptic localization of NMDA and AMPA receptor subunits in the basal ganglia, as revealed by high resolution immunogold procedures. Summary of the main ultrastructural features of the subcellular and subsynaptic localization of mGluR subtypes in the basal ganglia, as revealed by high resolution pre-embedding immunogold procedures. In all basal ganglia, most of the plasma membrane-bound group I mGluRs is extrasynaptic.
No published data is available on the immunogold localization of mGluRs 2, 7, and 8 in all basal ganglia Table 3 Summary of the main ultrastructural features of the subsynaptic localization of GABA A receptor subunits in the basal ganglia, as revealed by high resolution immunogold procedures. 
